Microtribology of diamond-like carbon (DLC) nanocomposite coatings was studied using a commercially available nanoindentation system. Reciprocating sliding tests were conducted at 4 µm/s over track lengths of 8 µm with diamond and sapphire counterfaces with nominal diameters of 20 and 300 microns, respectively. Measured contact stresses were between 0.2 and 2.0 GPa for both tips. The friction behavior as a function of the contact stress was explored in the elastic regime. Measured interfacial shear stress for these sliding contacts were 12 ± 1 MPa for sapphire and 31 ± 3 MPa for diamond against DLC coatings.
INTRODUCTION
Understanding friction and wear for micron and submicron scale contacts is of key interest for MEMS and NEMS applications. For macroscopic solid lubricated contacts, friction behavior is tied to the formation and properties of a transfer film 1 , with thicknesses typically on the order of tens of nanometers to a few microns. As the length scale of a tribological contact approaches that of the transfer film, the mechanisms that govern friction may change. Very little is known about the formation of transfer films for micro-and nanoscale contacts. Our study reports initial results of microtribology experiments to investigate scaling effects on friction.
EXPERIMENTAL
Microtribology experiments were conducted on diamond like carbon (DLC) nanocomposite coatings (C:H:Si:O). These coating were previously studied 2 using a macro-scale tribometer with a sapphire counterface (contact diameters ~200 µm). The macroscale friction behavior was intimately tied to formation and morphology of transfer films. In this investigation, we use 20 µm diameter diamond and 300 µm diameter sapphire counterfaces. The experiments achieve stress levels on the order of the macro-scale studies, but with contact diameters on the order of a few microns.
Sliding experiments were performed using a Hysitron Triboscope transducer (2D head, for both normal and lateral forces) on a Digital Instruments Multimode atomic force microscope base. Prior to friction measurements, the area functions of the tips were calibrated by indentation of fused quartz. Area functions measured for depths between 20 and 60 nm were used to infer contact size during friction measurements.
Reciprocating sliding tests were conducted with 8 µm track lengths at 4 µm/s in room air (45-50% RH). Normal loads were between 50 and 2000 µN. Friction coefficients were calculated from the lateral force divided by the normal load. Lateral displacement as a function of time was also measured and revealed constant lateral tip velocities for the central 5-6 µm of the track. Thus, average friction coefficients for each cycle were calculated by averaging 60 total data points over the central 5 µm of the wear track, 30 points for each sliding direction. Figure 1 is a plot of average friction versus cycle number along with the normal load versus cycle number for a typical set of friction measurements. The load profile was always preceded by a "run-in" experiment consisting of 25 cycles at 4.5 mN normal load to prepare the track to a steady state friction. Subsequently, by varying the normal load, the dependence of friction on the contact pressure was explored.
For an elastic sliding contact, the friction coefficient can be expressed as a function of the contact pressure, P, as:
where S is the shear stress associated with the contact and α is a material dependent quantity controlling friction 3 . Equation (1) may be re-written by substituting in the mean (Hertzian) contact pressure for an elastic contact
where L is the normal load, R is the radius of the spherical counterface, and E is the reduced modulus of the contact.
RESULTS AND DISCUSSION
Friction coefficients were measured for normal loads of: 50, 100, 175, 250, 1000 and 2000 µN. The dependence of friction coefficient on normal load was explored through nonlinear regression, where data from the last cycle for a given load was used for the analysis. It was found that a confident fit for an L -1/3 relationship was only realized for the load range of 175 -2000 µN. Thus, for this load range, Hertzian contact mechanics was observed. Data collected at the lower loads (50 and 100 µN) deviated from the Hertzian relation of Eq. (2) and September 12-16, 2005, Washington, D.C., USA 
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had greater variation in measured friction across the track. It is possible that at these low loads, the regime of multiple asperity contact is being explored. These results, although interesting, were omitted from the current analysis and will be explored in future studies. Friction data for normal loads between 175 and 2000 µN for both the sapphire and diamond tips on DLC coatings are plotted as average friction versus inverse contact pressure in Fig. 2 . The depth measured during friction testing and tip area functions provided an in situ estimate of the contact area.
Values of the shear stress for the contact and the parameter α were determined by linear regression of the data in Fig. 2 . These results along with the steady state friction coefficient measured at a normal load of 4.5 mN are presented in Table I . The value obtained for shear stress for the diamond tip, 31 MPa, was similar to that measured by Scharf and Singer 2 for macroscopic sliding with sapphire, 38 MPa. The interfacial shear stress measured for the 300 µm diameter sapphire tip, 12 MPa, was much smaller than either of these measurements. Experiments to compare the transfer film forming capability of microscale diamond and sapphire interfaces are being performed to address the differences observed here between macro-and microscale contact friction. 
CONCLUSIONS
Friction behavior for micron scale contacts against DLC was investigated and compared to macro-scale contacts at similar stress levels. Microcontact friction behavior fit a Hertzian contact model over a broad load range. Diamond vs. DLC gave shear stress similar to macroscopic values, while sapphire vs. DLC showed lower interfacial shear strength but higher friction overall. Further work is being carried out to elucidate the mechanisms for friction behavior at these length scales.
